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We discuss the three major hints of neutrino mass: the strong evidence of mass from the behavior of atmospheric neutrinos, the very
promising further hint from the behavior of solar neutrinos, and the so-far unconfirmed hint from the LSND experiment. Then, we
describe two illustrative neutrino-mass scenarios suggested by the observed hints. We identify the needed future tests of both the
present hints and the neutrino-mass scenarios.
1 Hints of Neutrino Mass
1.1 Atmospheric Neutrinos
The behavior of atmospheric neutrinos, produced in the
earth’s atmosphere by cosmic rays, now provides rather
strong evidence that neutrinos have mass. The atmo-
spheric neutrinos are studied by underground detectors.
A signal that these neutrinos have mass is sought by
looking for indications that they oscillate from one fla-
vor to another|something they can do only if they have
mass. The Super-Kamiokande underground experiment
(Super K) has found evidence of this flavor oscillation
which is particularly convincing because it is almost in-
dependent of theoretical input.1 This persuasive evidence
comes from the dependence of the detected atmospheric
neutrino flux on the direction from which the neutrinos
are coming.
Suppose that neutrinos do not oscillate, and consider
the flux of neutrinos of a given flavor coming from po-
lar angle θ with respect to the zenith|the point directly
above the underground detector. Consider only neutri-
nos with energies above a few GeV, so that geomagnetic
eects can be neglected. Then, given the fact that the
flux of cosmic rays which produces the neutrinos in our
atmosphere is isotropic,2 it follows from a simple geomet-
ric argument that, at the detector, the neutrino fluxes
from θ and pi− θ will be equal3 to within a few percent.4
That is, the neutrino flux will be up-down symmetric.
By contrast, if neutrinos do oscillate, then in general
the neutrino flux of a given flavor will not be up-down
symmetric. In the usual approximation that only two
neutrino flavors mix appreciably, the probablility that a
neutrino νf of flavor f (e, µ, or τ) will turn into one of
a dierent flavor f 0 while traveling a distance L is given
by
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Here, Eν is the neutrino energy, α is a mixing angle, and
δM2 is the dierence between the squared masses of the
two neutrino mass eigenstates that make up νf and νf ′ .
Now, since the Super K detector is not far below the
earth’s surface, downward-going neutrinos coming from
θ  0, and thus produced in the atmosphere directly
above the detector, travel only 15 km to reach it. In
contrast, upward-going neutrinos coming from θ  pi,
and thus produced in the atmosphere on the opposite
side of the earth from the detector, travel the entire di-
ameter of the earth, 13,000 km, to reach the detector.
Let us suppose that δM2  (A Few)  10−3 eV2, and












> 1. Hence, from Eq. (1), upward-
going neutrinos νf from θ  pi can oscillate away into
neutrinos of a new flavor before reaching the detector,
while downward-going ones from θ  0 cannot. This dis-
tinction will result in a dierence between the detected
upward- and downward-going νf fluxes.
Now, what do the data show? Let us consider the
Super K multi-GeV events, for which the visible energy
deposition in the detector exceeds 1.33 GeV, and ge-
omagnetic eects can be neglected. For these events,
the νe flux is consistent with being up-down symmetric,
but the νµ flux has a large up-down asymmetry. To be
more quantitative, let us call the flux corresponding to
−1.0 < cos θ < −0.2 \Up", and the one corresponding to








We see that Up/Down for the νµ events is very incon-
sistent with unity, the value it must have if there is no
neutrino oscillation. Instead, Up/Down for these events
suggests that the muon neutrinos which travel a signif-
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icant fraction of the earth’s diameter to reach the de-
tector (the \Up" flux) are ocillating away into another
flavor, while the ones which travel only a short distance
to reach the detector (the \Down" flux) are not. Since
for this data sample hEνi = A Few GeV, we see from our
previous discussion that a δM2 = O(10−3 eV2) would
produce this behavior. Since Up/Down for the νe events
is consistent with unity, it appears that (at least most of)
the muon neutrinos which oscillate away do not become
electron neutrinos, but tau or sterile neutrinos, to which
the detector is insensitive.5
The Super K detector cannot determine the L or the
Eν of an event accurately. However, estimating these
quantities for each event as best as possible, the Super K
experiment nds the L/Eν distributions shown in Fig. 1.6
In this gure, the points show the ratios of observed event
rates to Monte Carlo expectations in the absence of os-
























Figure 1: Observed νe and νµ event rates vs. L/Eν .
these normalized event rates in the presence of νµ ! ντ
oscillation with δM2 = 2.2  10−3 eV2 and sin2 2α = 1.
Note that this oscillation hypothesis ts the data very
nicely.
Together, the atmospheric neutrino data from Su-
per K,1, Soudan 2,7 and MACRO8 imply that the param-
eters of the νµ ! ντ or νµ ! νSterile oscillation of the
atmospheric neutrinos are
6 10−4 eV2 < δM2 < 10−2 eV2 (4)
and
sin2 2α  1. (5)
To conrm that the atmospheric neutrinos are os-
cillating, one would like to observe this same oscillation
in an accelerator-generated νµ beam. To do that, one
will have to allow the beam to travel a distance L which
is not negligible compared to the earth’s diameter, since
δM2  10−3 eV2, and the beam energy will not be less
than 1 GeV. During the coming years, several such
\long-baseline" accelerator neutrino oscillation searches
will be performed, using beams generated at KEK, Fer-
milab, and CERN. It appears that this program of exper-
iments will be able to look for oscillation with δM2 down
to 1  10−3 eV2, but not lower.9,10,11 It is unlikely that
δM2 lies below this value.7,4,8 However, it is not impos-
sible. If δM2 is indeed less than 110−3 eV2, then long-
baseline experiments beyond those currently planned will
probably be necessary. One intriguing possibility for an
ultra-sensitive long-baseline oscillation search is to use a
very intense neutrino beam which can be produced by
the decay of the muons circulating in a future µ+µ−
collider.12 Indeed, if one attaches to a µ+µ− collider a
small muon storage ring with a straight section pointed
at a suitably distant neutrino detector, one can probably
extend the δM2 reach of a νµ ! ντ search toO(10−4eV2)
at maximal mixing.13
1.2 Solar Neutrinos
Adding to the persuasive evidence of neutrino mass from
the atmospheric neutrinos, the behavior of the solar neu-
trinos provides a strong further hint that neutrinos have
nonzero masses. The observed solar neutrino (ν) fluxes
are all below Standard Solar Model (SSM) predictions.14
It has proved very dicult to explain these flux decits by
modifying the solar and/or nuclear physics assumed by
the SSM, without invoking neutrino mass.15,16 We would
like to give just one example of this diculty: Owing to
the relatively high ν energy threshold of the Super K
detector, the only solar neutrinos seen by this detector







= 0.47 0.08. (6)
Now, the ν flux produced by 8B decay depends very
sensitively on Tcore, the temperature in the core of the
sun: φ(ν from 8B) / T24core. Thus, it is tempting to sup-
pose that the low observed 8B flux may be due simply to a
Tcore slightly below that in the SSM. However, helioseis-
mology now tells us that Tcore  0.998 TcorejSSM.18 Using
φ(ν from 8B) / T24core, it follows that φ(ν from 8B) 
0.95 φ(ν from 8B)
∣∣
SSM
. That is, by simply lowering
Tcore from its SSM value by the tiny amount allowed
by helioseismology, one cannot come close to explaining
the  50% shortfall in the observed 8B flux.
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By contrast, if we do invoke neutrino mass, then the
observed ν fluxes can be explained successfully and el-
egantly. If neutrinos have mass, then a νe|the type of
neutrino generated in the center of the sun, and to which
present solar neutrino detectors are sensitive|can con-
vert into another type of neutrino, νx, to which these
detectors are completely, or at least largely, insensitive.
The νx may be a νµ, ντ , or sterile neutrino νS . Perhaps
the most appealing νe ! νx conversion mechanism is the
Mikheyev, Smirnov, Wolfenstein (MSW) eect. In this
eect, the νe ! νx conversion results from the crossing,
somewhere in the sun, of the total energy levels of νe and
νx. Since the νe has a charged-current interaction with
solar electrons, its total energy in the sun includes not
only its free-particle energy,
√
p2ν + M2νe , but also a νe−e
interaction energy,
p
2GF Ne. Here, pν is the neutrino
momentum, Mνe is the mass of νe, GF is the Fermi con-
stant, and Ne is the solar electron density. In contrast to
the νe, the νx(=µ,τ,or S) does not have a charged-current
interaction with electrons, so its total energy in the sun,
for the given pν , is simply
√
p2ν + M2νx . The level crossing
condition is then√
p2ν + M2νx =
√
p2ν + M2νe +
p
2 GF Ne. (7)
In the sun, pν  1 MeV and Ne is characteristically
1026/cc, so for this condition to be satised, we require
a mass splitting
M2νx −M2νe  δM2νxνe  10−5 eV2. (8)
It is found that when the MSW eect is invoked, there
are two regions in (sin2 2ανxνe , δM2νxνe) space that t the
ν data.19 One has sin2 2ανxνe  4 10−3 and the other
sin2 2ανxνe  0.8. For the reason just explained, both
have δM2νxνe = O(10−5 eV2).
The ν data can also be explained assuming that
it is two-flavor neutrino oscillation in vacuum, taking
place between the sun and the earth and described by
Eq. (1), that causes the νe ! νx conversion of the solar
neutrinos.20,16 To account in this manner for the event
rates observed in all the ν experiments, one requires





where now L is the distance from the sun to the earth,
and Eν  1 MeV is the energy of a typical solar neutrino.
One may feel that for δM2 to be such that Eq. (9) is
satised when L is the distance from the sun to the earth
demands a somewhat implausible coincidence. Be that
as it may, the δM2 that does the job is
δM2  10−(9−11) eV2. (10)
To t the data, the mixing angle is
0.7 < sin2 2α < 1.0. (11)
If, either through the MSW eect or oscillation in
vacuum, solar electron neutrinos are being converted into
muon or tau neutrinos, then obviously one would like to
conrm the presence of these muon or tau neutrinos in
the solar neutrino flux. An experiment which will be able
to see them is being constructed in Canada. However, it
is possible that the solar electron neutrinos are being con-
verted, not to muon or tau neutrinos, but to sterile ones.
Thus, the presence or absence of a νµ or ντ component
in the solar flux is not a completely sure-re test of solar
neutrino flavor conversion.
Whether such conversion occurs via the MSW eect
or vacuum oscillation, its probability is, in general, en-
ergy dependent. Thus, it distorts the energy spectrum of
solar electron neutrinos which retain their original flavor.
Clearly, one would like to observe this distortion. The
Super K experiment has already obtained some early in-
formation on the energy spectrum.17 It will be interesting
to see what further spectral studies will show.
Additional conrmation of solar neutrino flavor con-
version would come from observation of a day/night or
seasonal variation in the solar νe flux. The \day/night
eect" could be greatly enhanced for neutrinos passing
through the earth’s core.21
1.3 LSND
A third, so far unconrmed, hint of neutrino mass comes
from the Liquid Scintillator Neutrino Detector (LSND)
at Los Alamos. Studying the νµ flux from µ+ decay
at rest, LSND nds evidence for the appearance of νe,
signalling the occurrence of the oscillation νµ ! νe.22
Studying the νµ flux from the decay pi+ ! µ+νµ of
positive pions in flight, this experiment nds evidence
for the appearance of νe, signalling the occurrence of
νµ ! νe.23 Since L/Eν  30m/30MeV in LSND, we
see from Eq. (1) that we must have δM2 > 1 eV2 to ac-
count for the observed oscillations. More specically, the
( )
ν µ ! ( )ν e interpretation of the LSND data favors
0.2 eV2 < δM2 < 10 eV2 (12)
and
0.002 < sin2 2α < 0.03. (13)
A number of other experiments have placed upper
bounds on ( )ν µ ! ( )ν e oscillation.24 Together, the KAR-
MEN 2 and Bugey bounds allow only a narrow sliver
of the (δM2, sin2 2α) region favored by LSND. However,
KARMEN 2 anticipated seeing three background events,
and in fact saw no events|background or signal. Had
KARMEN 2 seen the expected three background events,
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this experiment, plus all the others with bounds, would
have allowed a good deal of the LSND-favored region.
Thus, the situation with respect to the LSND oscillation
signal appears to be somewhat unsettled. It is important
to conrm or disprove the ( )ν µ ! ( )ν e interpretation of
the LSND data through future studies. These studies
will be carried out both by KARMEN and by a new ex-
periment at Fermilab.
2 Hot Dark Matter
Evidence is accumulating that
ΩM = 0.1− 0.4, (14)
rather than unity.25,26 Here, ΩM is the total mass den-
sity of the universe, as a fraction of the critical density
required to stop indenite expansion. Now, much of the
ΩM of Eq. (14) is dark, and some of this dark matter
might be Hot Dark Matter (HDM); that is, dark matter
consisting of particles whose masses are small compared
to 1 keV. Neutrinos are natural candidates for such par-
ticles. However, some of the dark matter must be Cold
Dark Matter (CDM), consisting of particles much heav-
ier than neutrinos, because these heavier particles were
needed to seed the early-universe formation of the ob-
served galactic structure. If ΩM < 0.4, and the mass
density of CDM is, say, at least 0.2, then the mass den-
sity of HDM, ΩHDM , obeys the constraint
ΩHDM < 0.2. (15)
The relation between the masses Mνm of the neutrino
mass eigenstates νm and the mass density Ων in neutrinos
is
Mν1 + Mν2 + Mν3 = Ων(33 eV). (16)
Here, we are assuming that there are only three mass
eigenstates, which make up νe, νµ, and ντ . Now, if neu-
trinos are light compared to 1 keV, as certainly appears
to be the case, then Ων  ΩHDM . Then, Eqs. (15) and
(16) imply that
Mν1 + Mν2 + Mν3 < 6 eV. (17)
This condition is not a hint of neutrino mass, but a con-
straint on neutrino mass.
3 Where Does the Evidence Point?
We have discussed the evidence for neutrino mass from
the behavior of atmospheric neutrinos, the major further
hint of mass from the behavior of solar neutrinos, and the
unconrmed additional hint from the LSND experiment.
To what neutrino mass scenarios do these hints point?
Suppose that the atmospheric, solar, and LSND neu-
trinos all oscillate. The observed \frequencies" δM2 of
these three oscillations cannot all be accommodated in
any simple way in terms of the masses of just the three
mass eigenstate neutrinos making up νe, νµ, and ντ .
If there are only three mass eigenstate neutrinos, ν1,
ν2, and ν3, then there are just three dierent splittings





ν3 −M2ν2) + (M2ν2 −M2ν1)
+(M2ν1 −M2ν3)
= 0. (18)
But, as we have seen, the splittings required by the three
hints of oscillation are approximately as summarized in
Table 1. Since the δM2 values required by the three hints
Table 1: Mass splittings required by the three hints of oscillation.
Oscillating Neutrinos Required
∣∣δM2∣∣ (eV2)
Solar 10−10 or 10−5
Atmospheric 10−3 to 10−2
LSND 10−1 to 10+1
are, respectively, of three dierent orders of magnitude,
there is no way they can add up to zero, as demanded by
Eq. (18), no matter which sign we assign to each of them.
Thus, just three neutrinos cannot explain the observed
three hints of oscillation.27 To accommodate all three of
these hints, we must introduce (at least) a fourth neu-
trino. Since we know from the width of the weak boson
Z0 that only three species of neutrinos have normal elec-
troweak interactions, the extra, fourth neutrino must be
a sterile neutrino νS .
If one is uneasy about introducing a light sterile neu-
trino, then he can proceed by provisionally setting aside
the so-far unconrmed LSND result, and attempting to
explain only the atmospheric and solar neutrino results
in terms of neutrino oscillation. One can then have the
neutrino mass spectrum shown in Fig. 2. There, ν1, ν2,
and ν3 are the mass eigenstates. The flavor content of
each of these is indicated by dotting and hatching: The
νe fraction of a mass eigenstate is dotted, the νµ frac-
tion is indicated by right-leaning hatching, and the ντ
fraction by left-leaning hatching.28 The masses in Fig. 2
form a hierarchy: Mν3  Mν2  Mν1 . The mass-
squared splitting M2ν3 − M2ν2 ’ M2ν3 ’ 10−3 eV2 gives
the atmospheric neutrino oscillation, while the splitting
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Figure 2: A three-neutrino mass hierarchy that accounts for the
oscillations of atmospheric and solar neutrinos.
The hierarchy in Fig. 2 is the lightest one which gives
the δM2 values required by the atmospheric and solar
oscillations. Since oscillations determine only mass split-
tings, and not actual masses, one, of course, can increase
the masses in Fig. 2 without aecting the oscillations so
long as one keeps the δM2 values xed. For example, if
neutrinos contribute signicantly to ΩM , then perhaps
Mν1 ’ Mν2 ’ Mν3 ’ (1− 2) eV, with the δM2 values as
in Fig. 2.
If one accepts the inclusion of a νS among the light
neutrinos, then all three hints of oscillation can be ac-
commodated. One neutrino mass spectrum which does












ν0 δΜ2 ∼ 1
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Figure 3: A four-neutrino scenario that accounts for the oscillations
of the atmospheric, solar, and LSND neutrinos. In this scenario,
the mass eigenstate ν0 is largely a sterile neutrino νS . The ∼ 1
eV neutrinos in the scheme make a significant contribution to Hot
Dark Matter.
course, four mass eigenstates, ν0−ν3. The νe, νµ, and ντ
fractions of these mass eigenstates are indicated as they
were in Fig. 2, and the νS fraction is shown as a clear
region. There are two  1 eV mass eigenstates, ν2 and
ν3, with a mass splitting δM2  10−3 eV2 that yields
the atmospheric neutrino oscillation. Then there are two
much lighter mass eigenstates, ν0 and ν1, with a splitting
δM2  10−5 eV2 that gives the MSW eect in the sun.
However, from Fig. 3 we see that in this scheme the MSW
eect converts a νe into a sterile neutrino, rather than a
muon or tau neutrino. Thus, there is no νµ or ντ com-
ponent in the solar neutrino flux. Finally, the splitting
δM2  1 eV2 between the heavy pair ν2 and ν3, and the
light pair ν0 and ν1, produces the LSND oscillation. The
heavy pair in this scenario has the smallest average mass,
 1 eV, which can still yield the δM2  1 eV2 called for
by LSND. Interestingly, this  1 eV mass has the conse-
quence that the members of this pair make a signicant
hot dark matter contribution to the mass density of the
universe, but without violating the cosmological upper
bound of Eq. (17) on neutrino mass.
In theories of neutrino mass, sterile neutrinos occur
commonly and naturally. However, these sterile neutri-
nos tend to be heavy, with masses in the multi-GeV range
or higher. Light sterile neutrinos, with masses of 1 eV
or less, are not generally anticipated. Conrmation of
the existence of a light sterile neutrino such as the one
required by the scenario of Fig. 3 would be as ground-
breaking a nding as the original discovery of neutrino
mass. Thus, it is very important to carry out the fu-
ture experiments which will test the oscillation interpre-
tations of the atmospheric, solar, and LSND results, and
to thoroughly examine the question of whether or not
these three oscillations, if all conrmed, together require
the existence of a fourth, sterile neutrino.
The two neutrino-mass scenarios we have discussed
are just examples. Other scenarios are possible. The
candidate scenarios can be tested through future ex-
periments. For example, the three-neutrino scheme of
Fig. 2 predicts a νµ,τ component in the solar neutrino
flux, while the four-neutrino scheme of Fig. 3 predicts
none. The four-neutrino scheme predicts the conrma-
tion of LSND, while the three-neutrino one predicts its
disproof. Both scenarios predict a distortion of the en-
ergy spectrum of electron neutrinos from the sun, and
other phenomena as well.
4 Conclusion
Thanks to the strong atmospheric-neutrino evidence that
neutrinos do have nonzero masses, this is without ques-
tion an exciting time in neutrino physics. What we
need now are further strong signals that neutrinos have
mass, and more insight|experimental and theoretical|
into the masses and mixings chosen by nature.
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